This paper addresses the investigation into the feasibility of the use of precision guided airdrop as a means to deliver cargo to naval vessels at sea. In this context, precision guided airdrop means delivering unmanned cargo packages that, once dropped from an aircraft at high altitude, have the capability to guide themselves to a precise landing point by controlling an aerodynamic decelerator (parafoil or parachute) to which the cargo package is attached. The paper describes the problem of replenishment of naval vessels at sea and describes the benefits that the application of precision airdrop might provide. Improved accuracy of aerial delivery systems is the major focus of analysis, and how the application of model predictive control has potential to achieve the necessary improvements in accuracy that would make shipboard landings possible. A simple example is developed of a model predictive control algorithm adapted to track a target landing area that is moving with constant velocity. Additional techniques are also surveyed, as well as other potential applications of precision airdrop to maritime operations.
expect to have a required accuracy already, but even these results demonstrate a huge improvement of the payload delivery accuracy as opposed to say 10 years ago. Figure 1b represents the best 40% of these 103 drops and as seen the CEP of 100m for them is met. Moreover, recent developments in the miniature payload delivery systems, with much more sophisticated control algorithms give even more promises. For instance, Figs.1c-e show the performance of the Snowflake aerodelivery system (ADS). Even thought there was a bias error in the control algorithm for the original drops, performed in May of 2008 this system demonstrated only 55m CEP accuracy (Fig.1c )! With this bias eliminated the accuracy improved to 35m CEP (Fig.1d) . 4 The most recent results for the networking capable modification, Snowflake-N, showed 25m CEP (Fig.1e) . 5 The ultimate goal of the Snowflake-N research program is bring CEP accuracy down to 10-15m and that is the accuracy the underway replenishment of naval vessels would rely upon.
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In this paper, the modeling of the ADS and the target ship will be explained in Section II, and the results of simulations with these models will be given in Section III. Section IV will explore additional enhancements that have the potential to improve the terminal accuracy of precision airdrop systems in the maritime environment, and Section V will briefly mention some other possible applications of precision airdrop for maritime operations.
II. Model
For the purposes of these simulations, a guided missile destroyer, or DDG, was chosen as the target ship, since this type of vessel is the most numerous of the combatant ships of the U.S. Navy. Furthermore, this type of ship does not have the capability, as aircraft carriers and larger amphibious vessels do, to recover longer-range fixed-wing aircraft; thus, the potential benefit of precision airdrop may be greater with this type. The DDG is capable of helicopter operations with a flight deck aft of the superstructure of the ship. An approach view to the landing area of a typical destroyer is shown in figure 2 . figure 3 .
In addition to the challenge posed by the small landing area, a ship underway also exhibits dynamic translational and rotational motion, each in three axes. For the rotational motion, the familiar terms roll, pitch, and yaw are used, and for translational motion, the terms surge, sway, and heave are used to describe For the very simple model of the motion of the landing platform, it was assumed that the target ship was underway in relatively calm seas. The condition chosen is known as sea state 3, and is characterized by waves less than 1 m in height. It was assumed that the translational motion of the landing area platform would affect the ADS landing the most; therefore, the motion of the landing platform was modeled in sway and yaw only. Both of these motions were modeled as sinusoidal and having a 15 s period, with the amplitude of sway chosen to be 0.3 m, and the amplitude of yaw chosen to be 0.15
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• , as shown in equations 1 and 2. a Note that, in addition to these motions, the height of the landing platform above the sea surface was chosen to be 10.8 m in accordance with the information presented in figure 3 . In order to complete the simple model of the target ship, it was assumed that the ship was steaming directly into the prevailing winds at a speed of 8 kts.
For the model of the ADS, a 6 degree-of-freedom (DOF) MATLAB representation of the Snowflake was used. Snowflake is a much smaller ADS than would actually be used for this situation; the purpose of choosing this model was to use it as a simple platform on which the model predictive control (MPC) algorithm could be modified to seek a trajectory to a moving target, and some initial results evaluated. The size and speed parameters of the Snowflake ADS are shown in table 1, and an image of this system is shown in figure 5. The approach of this ADS to a moving target, using the MPC algorithm described in Ref. 9 , was simulated using MATLAB. Since the forward speed of the Snowflake as listed in table 1 is only 14 kts, and the target ship was modeled as having a constant speed of 8 kts, the simulations were run with zero wind relative to a local tangent plane (LTP) coordinate system. The MPC algorithm was modified so that the MPC calculations were made to produce an optimal trajectory to a landing point with a constant velocity of 8 kts relative to the LTP coordinate system. a simple formulae obtained via email from Naval Surface Warfare Center, Carderock Division, Seakeeping Division 6 of 13
American Institute of Aeronautics and Astronautics Draft pocket as shown in Fig.2c . The canopy dimensions introduced in Fig.3 are outlined in Table 1 . A dry weight of the system is 4.3 lbs (1.95 kg). The GNC unit consists of avionics and control actuators. The avionics include three accelerometers, three rate gyroscopes, magnetometer, global positioning system receiver and barometric altimeter. All these sensors along with an autopilot processor are integrated on a single circuit board (2" x 1.37" x 0.47" or 5.1cm x 3.5cm x 1.2cm) weighting only 17 grams. Among others, the developed GNC unit features precision data-logging, minimal power consumption, telemetry playback and hardware-in-the-loop simulator capability. Snowflake's autopilot uses standard rechargeable 7.4V 2100mAh batteries. In the full mode (controls and data downlink) it consumes 750mAh, in the autonomous mode (controls only) -250mAh, in a sleep mode the consumption drops down to just several mAh. The dimensions of the autopilot are about 3" x 2" x 1.5" (7.6cm x 5.1cm x 3.8cm), two step motors (to move control lines) and batteries occupy roughly the same volume each. Therefore in total the Snowflake GNC package occupies about 45in 3 (737cm 3 ) or less than 17% of the interior chamber of a Pelican case. The mass-geometry parameters of the Snowflake system allowed to develop an accurate six-degree-of-freedom model, verified in real drops, which was used in computer simulations and provided necessary inputs to develop a robust GNC algorithms as outlined in Ref. [1] . The GNC unit consists of avionics and control actuators. The gyroscopes, magnetometer, global positioning system receiver a with an autopilot processor are integrated on a single circuit boar weighting only 17 grams. Among others, the developed GNC un consumption, telemetry playback and hardware-in-the-loop si standard rechargeable 7.4V 2100mAh batteries. In the full mode (c in the autonomous mode (controls only) -250mAh, in a sleep m mAh. The dimensions of the autopilot are about 3" x 2" x 1.5" (7. control lines) and batteries occupy roughly the same volume each occupies about 45in 3 (737cm 3 ) or less than 17% of the interior cham The mass-geometry parameters of the Snowflake system allow model, verified in real drops, which was used in computer simula robust GNC algorithms as outlined in Ref. [1] . The MPC algorithm causes the ADS to follow a repeatable, predictable trajectory relative to the target during the final approach phase. A predictable trajectory in this phase is advantageous for the application of shipboard landing because it allows the approach of the ADS to the ship to be designed to fit well with current shipboard flight operations procedures.
10 Figure 6 shows a comparison between the trajectories of the Snowflake ADS during a recent flight test in February, 2009, and the trajectory of the Sherpa 1200 ADS during one of the drops during PATCAD 2007. The Snowflake trajectory shown in figure 6a shows the first part of the trajectory, denoted by a blue line, from the drop location to a holding pattern (delimited by red "x" markers). Then, Snowflake executes one half-turn in holding (yellow line), followed by the set-up to approach (green line), the approach turn (cyan line), and the final approach to landing (red line). In contrast, the trajectory flown by the Sherpa ADS shown in figure 6b is much less predictable.
A complete description of the MPC algorithm that Snowflake uses to compute the setup and final approach turn is given in Ref. 9 ; however, in general terms, the algorithm includes the following steps:
1. The desired amount of time that Snowflake will spend on the final, straight approach to landing must be set by the user. This quantity is labeled T app .
2. The algorithm then calculates the altitude, z f , and the coordinate x f at which the final, straight approach must begin, based on an assumed constant steady-state descent rate that is known before flight.
3. The radius R of the final approach turn must also be set by the user.
4. The algorithm then calculates the amount of time T turn that will be spent in the turn, and also the altitude z 0 at which the approach turn must begin.
5. Based on the assumed constant speed of the target ship, the algorithm calculates the distance D switch past the position directly abeam the target ship.
6. In flight, once the Snowflake has reached the position that is D switch past the abeam position, it calculates an optimal approach turn that executes a change in heading of 180 • , and terminates at the final coordinates x f and z f , where the straight approach to landing will be executed. The computed trajectory is optimal in the sense that it minimizes a cost function that includes deviation from the prescribed time in the turn T turn , and use of excessive yaw rate. In Ref. 9, the optimization routine was designed to overcome the effect of wind on the final approach turn; but for this simulation, wind was set to zero, and the routine was instead tuned to track a target point moving with constant velocity.
In summary, the controller for this model has perfect knowledge of the moving target's location, and the target's constant velocity. The controller also has perfect knowledge of the current position, velocity, For example, Fig.20 shows some of parameters of the drop presented in Fig.20a . Specifically, due to between the weather ground station and descending Snowflake-N the altitude estimation error happened t order of 3m (Fig.21a) . The target assignment negotiation was held down to about 1,000ft (at the lower target changes were accepted). The downwind component of the wind was estimated to be near zero (Fi apparently it were cross winds that blew Snowflake South during the final 180º turn, so it had to recov final approach.
It turned out that due to a weak GSM signal in most of Camp Roberts, the SA server postings ove network were not as reliable as expected (Fig.22) . Despite of the fact that it did not affect the overa performance, more considerations should be given to this matter in the future. One of possible solutions fo of operation with poor AT&T cell phone coverage would be migration to Verizon network platform. Ho best solution would be a usage of a tactical cellular network infrastructure as shown in the bottom part of infrastructure may be provided by deploying a cellular base station to the area of operation for improvement of local GSM coverage. Tactical cellular network may supply either autonomous operation local GSM cell, or original network infrastructure (Fig.6) , where tactical cellular base station is connected the TNT network. In other words, in case of poor coverage, the commercial GSM network cloud in Fig  substituted by a cloud of local tactical GSM network (macro or micro cells). Blackberry SIM cards replac local network settings adjustment will be required in this case, and that will be a continuation of a Sn development.
V. Conclusions and Further Development
The concept of controlling Snowflake ADS over the GSM network was proven to be a viable op further development. Specifically, further investigation is needed to assess the effect of a poor GSM overall systems performance and a capability to deploy a local tactical extension of the GSM network i with a limited or no GSM coverage. 
III. Results
Using the MATLAB model of the control algorithm and the dynamics of the Snowflake ADS, it was found that the control algorithm could indeed be modified to execute an approach turn and final straight approach to landing to a target moving with constant velocity. As stated in Section II, the model used was very simple in that it did not contain random disturbances such as wind. Since each run of the simulation was identical, the results presented here show only one trial. Figure 7a shows the plan view of the approach turn and final straight approach to the landing area. Figure 7b shows a three-dimensional view of this trajectory. The final location of the ship's landing area is depicted in each plot, with the ship's displacement in sway and yaw incorporated into the drawing of the platform. Figure 7a shows that in the simulation, the Snowflake ADS landed on the far forward edge of the landing area. One possible reason for this overshoot is that the actual time taken for the approach turn may have been less that that originally estimated by the controller when the optimal trajectory was calculated. Overshoot of this sort could be corrected easily with the incorporation of a control method to use both parafoil trailing edge control surfaces as flaps for a flared landing. In this current model, only differential, or aileron control input is used. Figure 8a shows a close-up view of the landing area, and figure 8b shows a close-up three-dimensional view of the landing area, with the location of the parafoil touchdown indicated.
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IV. Enhancement to Precision Airdrop for VERTREP
In order to achieve further improvements in the accuracy of precision airdrop systems so that consistent shipboard landings may be accomplished, additional communications links or sensors may need to be integrated into the guidance, navigation, and control (GN&C) packages that will be used. One such technique that is already in use to assist shipboard landing of rotary-wing aircraft is automatic data communication. The target ship's current position and current observed winds across the flight deck would be two streams of information that would be very useful to the algorithms in the GN&C package. In fact, this idea is the focus of current research involving the Snowflake-N ADS. 8 In these experiments, the Snowflake-N ADS receives in-flight updates of target position and ground winds using a mobile telephone communications link on the Global System for Mobile Communications (GSM) network.
Another technique that could assist in the final approach to landing phase is optical tracking of the landing area using visible light or infrared sensors. Previous investigation conducted at the Naval Postgraduate School into the use of infrared sensors for autonomous UAV shipboard landing showed that a UAV could determine its orientation with respect to the ship using three reference points in an infrared image of the target ship. Fig. 4 Fig. 4 In the approach phase to the base ship, the aircraft flies along a flight course calculated in advance based on the relative speed of the aircraft and base ship. Adoption of a differential GPS (DGPS) as a system to measure data on the relative position of the aircraft and base ship for flight control makes it possible to measure the relative position accurately, thereby making approaches safe. (2) From automatic entry onto flight deck
In the phases subsequent to automatic entry of the aircraft onto the flight deck, a high measurement accuracy is required for the relative position data used for flight control because the aircraft flies near the structure onboard the ship. Therefore, we adopted a SLAS Ship Guidance Sensor (SSGS) using laser and infrared radiation.
SSGS measures the relative distance and azimuth/ elevation from the ship to the aircraft, by tracking the marker and reflecting a laser beam emitted from the sensor off the reflector (Fig. 5 Fig. 5 aircraft for "fixed point in a space", which is obtained by subtracting the amount of ship motion measured with the SLAS Ship Motion Sensor (SSMS) from the relative position data. In addition, for disturbances such as turbulent flow due to a structure onboard the ship, hovering accuracy has been improved by using the actuator of the Stability Augmentation System (SAS) to control relative position and relative speed of the airframe. As a result, we succeeded in automatically landing a manned helicopter on a ship for the first time in the world. System integration test was carried out to verify the interface between AHCDS, which integrates the avionics system, and other electronic equipments, and between SH-60K and related ship equipments. This test was carried out by setting a test facility simulating the actual aircraft in the Komaki-minami Plant at MHI's Nagoya Aerospace Systems Works. Avionics equipments were set up on the test facility according to the arrangement onboard the actual aircraft, as well as to connecting ship equipments and consort planes (simulation planes) using cables for the data link system. One recent additional technique that has been tested to aid autonomous recovery of manned rotary-wing aircraft is the incorporation of a laser rangefinder mounted near the flight deck landing area. As part of the development of the new SH-60K patrol helicopter for the Japanese Maritime Self-Defense Force, an autonomous landing of a manned SH-60K aboard ship was demonstrated through the use of the Ship Landing Assist System (SLAS). The automatic control algorithms in SLAS incorporated information from a laser rangefinder aboard the ship that tracked a reflective marker on the helicopter in range and azimuth as shown in figure 9 .
12 This technique could also be applied to aid in the landing of a precision airdrop system.
The preceding discussion has yet to address one of the most fundamental questions of employing precision airdrop at sea: "what if the cargo misses the target?" For further development of this concept, detailed consideration should be given to algorithms in the GN&C package that try to determine in flight whether an on-deck landing is either impossible or unsafe, perhaps due to high risk of collision with the ship's superstructure. In the case that the ADS and cargo do not land on the flight deck, and hit the sea surface instead, it might prove worth the extra weight and complexity to incorporate a flotation system into the ADS.
V. Other Maritime Applications of Precision Airdrop
Cargo delivery is only one of many potential application of precision airdrop technology to the maritime environment. Whereas the discussion above has centered on landing cargo on a cooperative target ship underway, this idea could also be extended to landing a small payload aboard a non-cooperative target ship. Potential applications of this concept include landing small sensor and tracker payloads on commercial shipping in order to detect certain types of material aboard a vessel, or to enable constant tracking of a particular vessel. Miniature, high-accuracy aerial delivery systems have the potential to land their payloads aboard ships undetected to accomplish these functions.
The next two maritime applications of precision airdrop are related to anti-submarine warfare (ASW), and are being investigated in conjunction with the development of the U.S. Navy's next-generation maritime patrol aircraft (MPA), the P-8 Poseidon. Unlike its predecessor, the P-3 Orion, the P-8 is designed to conduct its search, localize, track, and attack mission from high altitude. Because MPA rely on sensors and weapons dropped from the aircraft into the sea, i.e. sonobuoys and torpedoes, the higher operating altitude of the P-8 necessitates a greater need for accuracy in these airdrops. All current sonobuoy and torpedo systems now include aerodynamic decelerator systems in order limit the velocity of the sonobuoy or torpedo before it hits the sea surface; in the future, these aerodynamic decelerators may have the additional function of providing a high level of accuracy to the airdrop.
The Naval Air Systems Command (NAVAIR) is the agency in the U.S. Navy responsible for development and procurement of aircraft-deployed sensor and weapon systems. A previous NAVAIR study on improving the accuracy of sonobuoys launched from high altitude had listed two improvements that could improve the accuracy of high-altitude sonobuoy drops: improved wind prediction using rawinsondes, and delayed deployment of the sonobuoy's aerodynamic decelerator. 13 In December 2007, the Program Manager, Air (PMA) 264 Air Anti-Submarine Warfare Program management office issued a research solicitation through the U.S. Government's Small Business Innovation Research (SBIR) program to study techniques for increasing the accuracy of landing for sonobuoys dropped from high altitude.
14 The name given to this solicitation was Precision High Altitude Sonobuoy Employment (PHASE); a general illustration of the concept is shown in figure 10 . The requirements imposed upon the techniques included:
• Deployment altitude: 20,000 to 30,000 feet above ground level At first glance, a high-velocity, two-stage decelerator might be best suited to this task, since a key performance parameter for a sonobuoy is speed of deployment. Of the technical reports that were submitted to NAVAIR in October, 2008, two reports reviewed did indeed focus on high-velocity, multiple-stage decelerator systems, where an initial drogue parachute or reefed main parachute stabilized the sonobuoy during the majority of the descent, and a second-stage parachute system was used at low altitude to slow the sonobuoy to the required impact velocity. 15, 16 Most likely due to the requirement stated in the SBIR solicitation that the Global Positioning System (GPS) satellite navigation system could not be used to perform guidance on the sonobuoys, precision guidance to a desired splash point was not one of the functions of the aerodynamic decelerator system detailed in these reports. The exclusion of GPS was likely due to concerns about compatibility with the current generation of sonobuoys, which do not have an integral GPS receiver. Nevertheless, future generations of sonobuoys will almost certainly incorporate GPS, and a low or mid-glide parachute or parafoil system might be suitable for the tasks of terminal deceleration and guidance to a precise splash point, using navigation information received by the sonobuoy.
For the application of precision airdrop to the employment of torpedoes, NAVAIR's PMA-264 Air AntiSubmarine Warfare Program management office awarded a contract to Lockheed Martin in June 2006 under the name High Altitude Anti-Submarine Warfare Weapons Concept (HAAWC). The contact was for demonstration of a system that allowed a torpedo to be dropped from an aircraft at high altitude, while being able to achieve high accuracy to a desired splash point. In May, 2007, Lockheed Martin successfully demonstrated a drop of a Mk-54 lightweight ASW torpedo (about 800 lbs) from a P-3 Orion MPA. 17 The torpedo was released at an altitude above 8,000 ft, and flew to the desired water entry point using a set of foldable fixed wings attached to the torpedo body. It is logical that speed of employment of a torpedo is even more important than glide-ratio for a high-altitude drop, because it is assumed that the MPA can, at high altitude, fly over or near the location of the submarine. Therefore, a high-velocity, two-stage system might be better suited for the task of providing precision guidance to high-altitude torpedo drops. Like the case of the sonobuoy, the tasks of terminal deceleration and guidance to a precise splash point might be accomplished using a guided parafoil as the second stage of a two-stage system.
VI. Conclusion
From this investigation, it was concluded that precision airdrop systems do have the potential to be used for vertical replenishment of naval vessels, provided further improvements in accuracy can be made. Along with improvements that can be made to precision airdrop systems for maritime vertical replenishment, and additional applications for other maritime missions, there is certainly ample ground for further research.
